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ABSTRACT
An electrothermal vaporization device has been developed 
and interfaced to a helium discharge detector. The 
electrothermal vaporization system utilizes tungsten f ilaments 
for sample deposition and heating. These systems combined to 
form a novel and useful analytical tool for assay of selected 
elements at sub-nanogram levels. Characteristics of the 
system with respect to instrumentation, optimization, and 
analytical figures of merit are presented.
ix
DEVELOPMENT AND CHARACTERIZATION OF AN ELECTROTHERMAL 
VAPORIZATION SYSTEM FOR A HELIUM DISCHARGE DETECTOR
CHAPTER I 
INTRODUCTION AND BACKGROUND
The development of atomic spectroscopy (AS) as an 
analytical tool has led to a focus on full optimization of the 
various parameters involved to enhance detection limits and 
minimize interferences. Areas in which significant advances 
have been made are sample introduction and excitation sources. 
Instrumentation in atomic spectroscopy has for many years 
relied on the inefficient but relatively effective method of 
liquid sample nebulization followed by flame or plasma 
excitation. Recent advances in electrothermal vaporization 
(ETV) methods have made this an attractive alternative for 
sample introduction into the excitation source. Furthermore, 
with the exception of atomic absorption spectroscopy (AAS), 
flame excitation has been replaced with plasma excitation 
sources for atomic emission spectroscopy (AES).
In developing ETV, researchers found that separation of 
the sample preparation steps (desolvation, ashing and 
atomization) from the excitation step(s) (via flame or plasma) 
allowed full optimization of both processes. Other attractive 
characteristics (compactness, cost, versatility, etc.) have 
proven to make ETV an alternative in analytical AS. Indeed,
2
3Park et al. felt that ETV was a superior system owing to 100% 
transport efficiency, rapid heat transfer, wide temperature 
range and inertness over that range (1). Excitation energy is 
more efficiently used when the solvent is removed prior to 
atomization (2). Indeed, the vast majority of the energy 
associated with flame or plasma sources is used for 
desolvation of samples introduced as aerosols.
Instrumentation for ETV has been developed extensively 
with the bulk of attention centered on carbon cup/graphite 
furnace techniques. The popularity of the graphite furnace 
has manifested itself into many applications in current atomic 
absorption instrumentation. The graphite furnace consists of 
a small tube, usually with a level plate mounted in the 
interior (called a L'vov platform) on which ~5 - 100 jiL of 
sample solution can be placed. The solution is then subjected 
to a heating program wherein the sample is sequentially 
desolvated, ashed and then atomized. The atomized vapor 
produced in the final step is irradiated with the respective 
emission lines of the element of interest from a hollow 
cathode lamp and any radiative loss is measured for sample 
absorption. Variations on the design of the tube or cup, 
removal of matrix effects, and temperature optimization for 
numerous elements have received close attention by many 
researchers. Graphite/carbon techniques have also been 
coupled to inductively coupled plasmas (ICP) and microwave 
induced plasmas (MIP) (3).
4An alternate method of ETV utilizes a metal filament or 
boat for vaporization (4-55). Microliter amounts of sample 
solution are placed on an inert, electrically conductive metal 
substrate which is then, in most cases, resistively heated in 
a program similar to that of the graphite furnace. 
Vaporization of the analyte follows resistive desolvation and 
ash cycles. An interesting variation on this theme uses a 
micro-arc struck between two electrodes with the filament 
acting as the cathode (4-7). One researcher made use of the 
radiative, inductive, and convective heating of a plasma 
excitation source to desolvate the sample and then resistively 
heated the filament to vaporize the analyte (8). Another ETV 
method involves a thin silver foil used as the substrate to 
produce sputtered atoms for analysis in an inductively coupled 
plasma (9).
Some of the advantages of metallic versus carbon 
substrates include smaller thermal gradients, no carbide 
formation, no loss of sample into the substrate, simple 
operation, long life (10), and low background in the 250 - 350 
nm region (11)- Disadvantages of metals include memory 
effects due to chemical interaction, lack of chemical 
resistance or corrosion, and deterioration of mechanical 
properties with continued and repetitive heating (11). The 
carbon systems comprise a large body of research and currently 
dominate commercial instrumental applications. However, the 
scope of further discussion will be confined to methods of ETV
5involving metal substrates.
ETV INSTRUMENTATION
Substrates. Variations on the type of filament used for 
ETV have been explored by many researchers. Platinum, 
tungsten, tantalum, rhenium, molybdenum, iridium, silver, and 
alloys have been the most widely used metals, primarily for 
their inertness and low heat capacity. The rich emission 
spectrum of tungsten can result in spectral interferences when 
an inappropriate overlapping emission line for an analyte is 
selected (8). Tungsten wire, in one case, was found to be too 
contaminated with calcium to accurately detect calcium at low 
concentrations (5) and in another instance iron inclusions 
resulted in similar problems (12). In cases where spectral 
resolution of the analyte from the filament metal was not 
possible another filament metal was used. Most filament 
materials were acquired commercially as wires or foils, 
fabricated in-house, or adapted from other sources. An 
inexpensive and abundant supply of tungsten filaments has been 
extracted from commercially available light bulbs (13-14). 
When fine wires were used as filaments, the diameter of the 
wire ranged from 0.01mm (15) to 1.0mm (14, 16). Low filament 
mass resulted in little thermal inertia and rapid heat 
transfer.
The geometry and arrangement of the filament greatly 
influences sensitivity and reproducibility for analyte
6emission. Designs on wire configurations and geometry have 
consisted of: loops of varying number and diameter; "M", "V" 
or "U" shaped wires; and straight wires. Kawaguchi found that 
as desolvation progressed, crystal growth on a "V" shaped 
tantalum wire carried the salt formed out of direct contact 
with the filament surface thus necessitating a longer 
vaporization cycle (17). Such problems were reduced through 
maximizing the surface area of the filament by looping it when 
resistive heating was chosen for desolvation, ashing and/or 
vaporizing since more sample could directly contact the 
filament.
The ease with which microliter volumes of sample adhered 
to the filament improved with looped or shaped wire. Layman 
and Hieftje reported surface tension prevented samples much 
larger than 5 \jlL to be placed on the filament (4) although one 
investigator managed to use a sample as large as 50 jxL. The 
average sample size is typically on the order of 10 jaL.
Some researchers have experimented with boats: metal
ribbons or foils with a center depression for holding liquid 
samples. One clear advantage of boats over filaments was that 
boats allowed for deposition of larger samples (up to 200 
H.L)(18). Park et al. experimented with dual boats under the 
same housing with mixed results (19). Also worthy of note was 
one investigator who fashioned a tubular tungsten furnace, 
much like a graphite furnace, complete with sample delivery 
port (11). Boat substrates generally performed on par with
7filaments.
The lifetime of the filaments can vary widely depending 
on the configuration of the tubing or chamber, the composition 
of the filament, experimental conditions and/or the elements 
studied. Salin and Sing found that with low carrier gas flow 
rates the desolvation cycle produced a warm, humid environment 
in the sample chamber which led to the formation of oxides on 
the hot filament (20). When the sample chamber was exposed to 
the ambient laboratory atmosphere for sample delivery, 
insufficient flushing of the chamber prior to a heating cycle 
produced a decrease in filament lifetime via oxide formation. 
Premature exposure of uncooled filaments following a run 
produced the same results. Nitrogen, when used as a carrier 
gas, produced a nitride with tantalum on the first firing
(21). Tungsten, however, generally out-performed other 
filament materials by lasting a maximum of about 1,000 firings 
(5) and iridium in one case reportedly lasted 3,000 firings
(22); Bernt and Messerschmidt speculated that the sputtering 
of filament atoms acted as a self cleaning mechanism (22). 
Tantalum usually held up for up to 50 cycles, although two 
researchers reported a tantalum filament lasting up to 500 
firings (23-24). McIntyre et al. pretreated filaments by 
firing them in a hydrogen rich atmosphere to remove surface 
oxides and vaporize impurities (15).
Housings. The housing of the filament also plays an 
important role in the detection limits observed. Early
8experimenters favored large dome-like housings that 
facilitated observation and bulky electrode supports. Such 
designs introduced enormous dead volume. Tsukahara and Kubota 
claimed that the dome actually reduced vapor adhesion (by 
expanding the distance to the relatively cold walls), housing 
breakage (due to the intense thermal pulse), and produced a 
less concentrated plug of analyte thus allowing them to 
measure the analyte in the excitation source (ICP) for a 
longer duration (10). The large volume of the dome may have 
also helped reduce the thermal "piston" effect or temporal 
acceleration in gas flow from thermal expansion during firing.
Brooks and Timmins tapered the vapor delivery orifice, 
added a septum injection port, and oriented the gas flow in 
line with the filament and excitation source to maximize 
laminar flow, minimize dead volume, and eliminate dismantling 
of the assembly. Decreasing the dead volume by placing the 
filament assembly directly into the carrier gas stream 
enhanced vapor transport and greatly decreased plating out of 
the analyte on the cold walls of the tubing (24). Other 
apparati had right angle bends in either the carrier gas or 
the vapor delivery tubing (5, 25). Buckley and Boss placed 
capillary tubes within the carrier gas delivery tubing below 
the filament to reduce swirling. There was no mention of the 
flow patterns that resulted when four parallel but independent 
gas streams converged on the filament (26). Tubular housings 
used by researchers for the filament assembly ranged from 3.0
9nun to 8.0 mm inner diameters. Too large a diameter resulted 
in large dead volumes and decreased analyte sensitivity via 
diffusion; too small a diameter caused the analyte to plate 
out on the cold walls of the tubing. Proximity of the 
filament and housing to the excitation source greatly affected 
detection limits in way of peak shapes, peak areas, or both. 
Once the analyte was vaporized, diffusion within the gas 
stream and/or condensation became significant as the time 
required for detection increased. Recognizing this, Tsukahara 
and Kobuta used peak areas for signal quantification because 
variation in firing temperatures greatly affected the peak 
heights (dependent on the thermal expansion) but peak areas 
remained consistent (10). Excessive reductions in the 
distance to the excitation/detection source could extinguish 
the plasma or result in the detection of blackbody radiation 
from the filament.
In a unique approach, Salin and Sing went so far as to 
place the filament directly into the plasma stream following 
the desolvation process (20). Generally, if drying and ashing 
of the sample occurred at a reasonable rate (so as not to 
extinguish the plasma, if used) the filament was placed within 
twenty millimeters of the excitation source. Optimization of 
the carrier gas flow rate is also related to the proximity of 
the filament to the excitation source. Low flows allow the 
analyte vapor to diffuse leading to peak broadening, while 
high flow rates dilute the vapor plug and negatively impact
10
sensitivity.
Temperature Programming. One of the most important ETV 
parameters involves the temperature programming/heating cycle 
of the filament (27). Both alternating and direct currents 
have been used. The sample matrix must be taken into 
consideration in designing the overall program.
Desolvation cycles, most often empirically determined, 
typically last from 20 seconds to 2 minutes. Layman and 
Hieftje brought the filament containing the sample into close 
quarters with an ICP and allowed the radiative, conductive, 
and inductive heating along with the desiccating gas flow to 
"passively" desolvate the sample (8). Varying the drying 
distance allowed them to control the rate of desolvation. In 
another approacht they tackled the problem of determining the 
end of desolvation by monitoring the voltage rise in the 
filament circuit as the last of the solvent evaporated off of 
the filament. Green and Williams simply allowed the sample to 
evaporate in the helium stream (28). Deutsch and Hieftje 
observed the hydroxide emission line while desolvation was in 
progress and proceeded with subsequent cycles when the solvent 
peak had passed (6). Others relied on visual cues from the 
decrease in the excitation source plasma intensity while the 
solvent vapor passed or observed the filament begin to glow 
after complete desolvation (14). Analyte can be lost with too 
high a desolvation rate (23). If subsequent cycles were begun 
without complete desolvation, interferences (oxide formation,
11
solvent peak detection) were inevitable. Preconcentration was 
advocated by some researchers as a method of extending 
detection limits. ETV lends itself to facile reapplication 
and drying of samples prior to vaporization. Some believed 
though that drying in and of itself was the optimum 
preconcentration step (2).
Ashing or charring is an optional cycle depending upon 
the sample matrix. Usually the power supplied to the filament 
is increased and the length of the cycle decreased for matrix 
decomposition. Grime and Vickers found that in assaying blood 
serum for lithium, ashing of the sample required about 2 
minutes (29). Conversely, Tikannen and Niemczyk reported that 
the ash cycle was unnecessary and insignificant for prepared 
copper standards (30).
The final cycle consists of applying sufficient energy to 
the filament to vaporize the analyte. The low thermal mass of 
the metal filament allows it to quickly heat and rapidly 
transfer thermal energy to the desolvated crystalline analyte. 
The time required to vaporize the sample can vary from 0.02 
seconds to 3.0 seconds. The essentially instantaneous 
vaporization introduces the sample to the excitation source as 
a compact plug rather than a continuous stream. This can 
greatly enhance detection since integration of peak areas is 
over a very short temporal duration provided data capture 
mechanisms are able to respond quickly within the limited time 
domain. Many investigators have taken advantage of
12
microprocessors to synchronize the commencement of peak 
integration with the beginning of the vaporization cycle. 
Some noted that with too high an atomization temperature the 
atom density actually dropped during the firing due to the 
short lived expansion of the gas (31, 11). Evans et al.
accounted for this in their optimization of the flow (32).
Since the filament was capable of rapid heating, rapid 
cooling also took place after vaporization. Some researchers 
chose to "clean" the filament immediately after vaporization 
by "dry firing" it to pyrolyze and vaporize any remaining 
contaminants. This generally concluded the overall
temperature programming cycle.
The temperature of the filament has been determined by 
researchers using a number of methods, including optical 
pyrometers (11, 15, 23, 33-34), thermocouples (11), photocells 
(12), analyzing He(I) atom lines (35), firing a dry filament 
and observed blackbody radiation lines characteristic of the 
filament metal used (26), or determining it empirically using 
a radio frequency field (36). Newton and Davis stated that 
reproducibility in temperatures was one of the most important 
variables in generating reliable and reproducible data (37). 
In keeping with this idea, Park et al. examined the 
temperatures at which species vaporized off of the filament 
surface and argued that the minimum temperature necessary to 
atomize the analyte was best (1). Likewise, the minimum 
temperature for ashing was also integral or loss of analyte
13
could occur.
Sample delivery. Sample delivery to the filament has 
included automatic deposition systems and manual application 
methods. In most cases, automation using a peristaltic pump 
gave researchers higher sample through-put. Manual
application ranged from hand pipetting to soaking the filament 
in the analyte solution with no applied voltage (termed 
" spontaneous preconcentration", but quite possibly a redox 
process) (37). Others tried electroplating the sample to the 
filament and dipping a looped wire in the sample solution to 
acquire a consistent amount of liquid on the filament by 
surface tension.
Opening of the vaporization chamber, as previously 
discussed, can introduce ambient air into the gas stream and 
without proper flushing lead to a host of interferences. 
Brooks and Timmins found samples were cross contaminated by 
passing needles though the rubber septum over the injection 
port (24). In automating the movement of the filament and the 
support electrodes, Sing and Salin went a step further and 
coupled their direct sample insertion device (DSID) to a 
peristaltic pump which delivered microliter volumes of sample 
(~14 jaL) (8). Goode et al. managed to run 100 samples an hour 
with an automated delivery system and acquired data from
20,000 runs for publication (38).
Most researchers have found that depositing microliter 
sample volumes onto the filament by hand is reproducible.
14
Layman and Hieftje argued that the error inherent in sample 
delivery could be significant (25%) and went on to accurately 
determine the volume of sample deposited by monitoring the 
power required to desolvate the sample (5). This method, 
however, might be subject to error over time due to changes in 
the filament resistivity from aging. McCullough and Vicker 
monitored the light emitted by the filament with a 
photoresistor and observed the resistance of the filament to 
change with age and used a variable power source to compensate 
for filament aberrations (21). Pfluger and Nessel detected 1 
- 2% variations in volume deposited by observing changes in 
the shape and duration of the solvent peak as it was vaporized 
(25).
MICRO-ARC ETV
Hieftje, as well as others, pioneered the use of 
micro-arc ETV (4-7). They recognized that little energy was 
available in an inductively coupled plasma (ICP) to desolvate 
a sample and turned to resistive heating of a filament to 
desolvate, and ash microliter sample volumes. The filament was 
then used as a cathode by striking a micro-arc to it from a 
stainless steel syringe tip anode. The novelty in this 
approach was the intense heat generated by the arc, the high 
population of sputtered atoms, and the fact that the syringe 
tip also served as the outlet for the carrier gas. The fine 
stream of carrier gas trained directly on the arc rapidly
15
swept the analyte vapor into the excitation source. They 
favored the hairpin filament designs which better anchored the 
arc and prevented wandering. Interestingly, the arc initiated 
at the tip of the hairpin shaped filament but then uniformly 
engulfed it, conforming with other observations that the shape 
of the filament played a role in overall system performance.
APPLICABILITY
The advantages in metal substrate ETV versus other 
vaporization methods outweigh the disadvantages. Only small 
sample volumes are needed (and required) since the sample is 
completely consumed as compared to the continuous stream 
needed for nebulization in flame or plasma AES. The cost of 
filaments and the compactness of the assembly make for an 
economical size and easy incorporation into benchtop 
instrumentation. Signals are reproducible and stable lending 
themselves to high precision and accuracy. Detection limits 
can be as low or lower than comparable flame or graphite 
furnace methods. Multi-elemental determinations are possible. 
Lastly, the versatility of ETV makes it readily adaptable to 
many excitation/analytical techniques. These attractive 
attributes have led to attempts by researchers to adapt ETV 
into different types of instrumentation.
In one of the earliest uses of ETV as a vapor source for 
atmospheric microwave induced plasma (MIP), Runnels and Gibson 
detected transition metals in the range from 10”12g to 10"7g
(39). Hieftje, in collaboration with Layman (4-5, 7),
Bystroff (7), and Deutsch (6), brought about major advances in 
ETV-MIP• They used their filament voltage drop technique in 
measuring microliter sample volumes for a high voltage, low 
amperage direct current micro-arc ETV assembly that was 
coupled with an atmospheric pressure argon MIP. Using peak 
areas, they readily observed ng/mL concentration limits for a 
dozen elements and pg/mL limits for magnesium and sodium. 
They attributed the high sensitivity to the MIP's high 
effective electronic excitation temperatures while the ETV 
made the system adaptable to multi-element determinations. 
Using a nitrogen MIP, Hieftje and Deutsch observed linear 
calibration curves up to five decades for eight elements with 
sub-picogram detection limits for six of the elements and 
reported better detection limits for two elements than with 
the work using an argon MIP (6). MIP's, however, are not able 
to tolerate large, transient amounts of solvent during 
desolvation. Van Dalen et al. suggested venting vapors from 
desolvation through an alternative conduit (40).
Ng and Caruso cited the ability of a helium MIP to excite 
non-metals as an attractive asset in comparison of ETV 
interfaced to various excitation modes (41). ETV-MIP 
detection limits were slightly higher than those for ETV-ICP. 
Kawaguchi and Vallee used a low pressure helium MIP and found 
that doping the samples with potassium chloride gave a wider 
power range for desolvation, a better signal to noise ratio,
17
reduced the time delay for copper peaks from 75 seconds to 30 
seconds and brought calibration curve slopes close to unity 
(23). They theorized that the dopant acted as an energy 
carrier. Sub-nanogram detection limits were observed for 
eight elements. In a later manuscript, Kawaguchi et al. 
proffered that potassium chloride affected the metastable 
helium population and electron temperature (17). Many others 
have studied the role of matrix modifiers and interferents. 
Several investigators cited the necessity for hydrogen doping 
of the gas stream to create a reducing atmosphere and hence 
mitigate oxide formation. A three decade linearity in the 
calibration for indium with a one ng/mL detection limit was 
reported by Brooks and Timmins using ETV-MIP (24) and Melzer 
et al. observed similar limits with a nitrogen MIP (42).
One of the first forays into the ETV-ICP realm was made 
by Nixon, Fassel and Kniseley in 1974 (18). Though the
detection limits were comparable to those of flame AAS (of 
that day), the advantage in using micro-samples for many 
elements insured continued interest and development for this 
technique. Later work involving ICP brought the detection 
limits down to picogram levels for many elements and produced 
linear calibration curves up to six orders of magnitude (33, 
43). In multi-element determinations, it was necessary to 
account for the change in the evaporation rate during the 
desolvation cycle and to vaporize over longer periods (27). 
Rare earth elements were detectable down to picogram levels
18
but the matrix effects of the ETV versus those of a nebulizer 
were judged to be worse by Dittrich et al. (14). Still, 
multi-element determinations were possible when matrix effects 
were absent.
Some researchers have combined the ETV system with the 
reliability of flame emission spectroscopy (FES). Vickers, 
together with Grime (27) and later McCollough (8), explored 
using ETV-FES and found some non-linearity due to self 
absorption but nanogram detection limits were easily achieved. 
Both flame and flameless AA have been coupled to ETV as well 
as flourescence techniques (38, 44).
Lastly, ETV has proved to be a reliable vapor generator 
in direct discharge (DD) excitation techniques (13, 25-26, 41- 
42, 45). Nitrogen, argon and helium have been used as the 
carrier gas/energy carrier. Using a nitrogen discharge, 
Melzer et al. observed a sub-nanogram detection limit for lead 
in water and wide linear response in early exploration of 
ETV-DD coupling (42). In comparing a variety of excitation 
methods, Ng and Caruso reported that the detection 
capabilities of nitrogen afterglow discharges are on par with 
those of other plasmas and flames. They opined that ETV was 
a suitable atom source for direct discharges owing to the 
little energy available in the plasma for desolvation (41). 
Pfluger and Nessel confirmed this in their observation that 
the helium discharge was disturbed by the transient solvent 
peak during desolvation (25) . Na and Niemczyk noted very high
19
efficiency via plasma excitation until matrix effects became 
overwhelming (45). In a very recent study, Buckley and Boss 
achieved sub-picogram detection for calcium, aluminum and 
copper and a picogram detection limit for iron using an argon 
direct discharge plasma in conjunction with ETV. They 
speculated that variations in individual firings could be due 
either to sample placement on the filament or the point of 
contact between the vapor and the plasma (26).
ETV AND AN ALTERNATIVE EXCITATION SOURCE
A helium discharge detector (HDD) developed in this 
laboratory has proven itself to be a reliable, multi-element 
excitation source adaptable to a variety of instrumentation 
(56-57). Given the stability of the discharge and low flow 
characteristics, HDD coupled with ETV could make for a new 
generation of atomic spectroscopy instruments. The compact 
and multi-element capability of the ETV make it outwardly 
compatible with similar and demonstrated attributes of HDD.
Pfluger and Nessel constructed an early prototype of such 
an instrument. Their original design incorporated large dead 
volumes and they made no study of optimization (25). However, 
other researchers have made extensive progress in refining and 
optimizing both HDD and ETV separately. Buckley and Boss 
incorporated many of the latest advances in their argon direct 
current discharge (DCD) and in so doing attained remarkably 
low detection levels for a non-laser system (26). HDD
20
coupling to ETV could offer a wider element capability with 
similar sensitivity. HDD has a low radiant intensity, can 
tolerate transient amounts of solvent (due to continual 
replenishment of the secondary discharge by the primary 
discharge) and has low gas consumption (typically less than 70 
mL/min).
SUMMARY
ETV is a reliable and highly efficient method of atomic 
vapor generation for a variety of excitation sources. Based 
on its low sample volume demand, cost, compactness, and 
versatility, coupling a metal filament ETV device with an HDD 
could very well result in a significant increase in detection 
limits for a number of elements. The demonstrated
capabilities of HDD as a multi-element and multi-instrument 
detector make for an ideal coupling to a stable and attractive 
atomic vapor source such as ETV.
CHAPTER II
EXPERIMENTAL METHODS
ELECTROTHERMAL VAPORIZATION SYSTEM
The system devised and utilized in this laboratory for 
electrothermal vaporization is depicted in Figure 1. 
Filaments were extracted from commercially available 250 W 
lamps (Phillips) and were partially unwound to make placement 
between the support posts possible. Approximately seven loops 
of filament were positioned between the support posts. The 
posts were fabricated from 20 cm lengths (0.6 mm I. D., 1.6 mm 
O. D.) stainless steel HPLC tubes (Alltech) and pass through 
an inert, nonconductive ceramic tube (Omegatite 450, Omega 
Products). The centered distance between the posts holding 
the filament was 5 mm. A sealant (Ultra Torr) was applied at 
both ends of the ceramic tube as well as the outer tips of the 
support posts so that the connections would be gas tight.
The housing for the filament consists of a Pyrex glass 
tee fabricated in-house. The vertical portion of the tee is 
9 mm O. D. by 7 mm I. D. and approximately 5 cm in length to 
accommodate the ceramic rod assembly. A 3.5 cm section of 
capillary tubing (6 mm 0. D. by ca. 0.8 mm I. D.) was attached 
near the center of the vertical run to serve as a needle guide
21
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Figure 1. Schematic diagram of the electrothermal 
vaporization system.
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for sample deposition. The end of the capillary was sealed 
with a standard white rubber septum (Aldrich). A stainless 
steel Swagelok female run tee with adaptive fittings was used 
to hold and align the ceramic rod and glass tee in the correct 
orientation relative to the helium discharge tube. Helium, 
used to sustain the discharge and transport the analyte vapor, 
was introduced to the system through one leg of the Swagelok 
tee. Graphite ferrules were used to seal the glass and 
ceramic junctions. The system was kept under a helium 
atmosphere at all times except for when maintenance was 
performed.
HELIUM DISCHARGE DETECTOR
The helium discharge assembly is shown in Figure 2. This 
design is similar to those used in conjunction with detection 
of gas chromatography eluents (56-57). The discharge is 
essentially contained within a 3 mm by 1 mm quartz tube. The 
electrodeless discharge was sustained by a 2 cm long, 
cylindrical, stainless steel electrode connected to a high 
voltage power supply. (Because the electrode does not 
directly contact the carrier gas but only encircles the quartz 
discharge tube, this arrangement is termed "electrodeless".) 
The electrode was encased in and insulated by a ceramic Macor 
body. The portion of the discharge produced in the quartz 
tube in immediate proximity to the electrode is referred to as 
the primary discharge region. The region between the top of
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Figure 2. Schematic diagram of the helium discharge detector.
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the electrode and the grounding electrode is considered the 
secondary discharge region. Spectroscopic observations of 
atomic emissions were made axially in the secondary discharge 
region. The entire discharge assembly was mounted directly to 
the entrance slit of a 0.5 m monochromator (Minuteman). The 
distance between the entrance slit and the secondary discharge 
is ca. 2 cm.
The distance from the filament to the bottom of the 
quartz tube used to contain the helium discharge region could 
be varied by -4 mm by changing the position of the glass tee 
in the Swagelok fitting at the base of the discharge assembly. 
Changes in this distance could also be made through either 
varying the length of the discharge tube (normally -12 cm 
long) or by adjusting the distance from the filament to the 
bottom of the quartz tube (typically set at 4 mm). The latter 
adjustment also resulted in a change in the length of tubing 
available for the secondary discharge.
GAS MIXING SYSTEM
The valve and gas supply scheme is depicted in Figure 3. 
Helium (Air Products) was used as the carrier gas and was 
passed successively through a hydrocarbon trap (Supelco) and 
heated catalytic purifier (Supelco) prior to entry into the 
discharge. Hydrogen (Air Products) could also be added to the 
carrier gas to test various hypotheses regarding the 
scavenging nature of this gas. The percentage of hydrogen
26
Figure 3. Gas mixing system.
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added depended upon the background intensity at a particular 
wavelength; optimal hydrogen doping was determined 
qualitatively.
A special metering system was devised from available 
materials to allow for the introduction and measurement of 
small flows (( 1 mL/min) of hydrogen into the discharge. The 
hydrogen flows through a standard graduated flow meter 
(Matheson) to allow for reproducible settings of flow rate. 
Most of the gas from the meter is vented through a metering 
valve (Hewlett-Packard) and the residual gas continues through 
to the ETV-HDD system. A shutoff valve allows for 
interruption of the hydrogen flow.
Measurement of the dopant gas flow was accomplished 
through use of a tee valve in the gas system wherein the flow 
of hydrogen was shunted to a graduated 1.0 mL glass pipet and 
the time required for 0.1 mL to flow was measured. The flow 
of carrier helium for the helium discharge was measured though 
use of a bubble meter at the exit point of the quartz 
discharge tube. Mixing of the gases took place prior to entry 
into the ETV device.
INSTRUMENTATION
General operating parameters and equipment specifications 
are given in Table 1. The entire ETV-HDD system with power 
supplies and amplifier is shown in Figure 4. Power was 
supplied to the stainless steel leads at the bottom of the
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Table 1. Typical operating parameters and equipment 
specifications.
Helium Discharge Detector System
Incident Power 
Voltage 
Frequency 
Helium flow
Spectrometric System
Monochromator 
Bandpass/slit widths 
PMT/Voltage 
Amplifier
Signal Recording/Processing
Gas System 
Carrier
Catalytic purifier
Electrothermal Vaporization
Power source 
Filament 
Clock/switch 
Multimeter
60 W
6500 RMS ENI Inc. Model HPG-2 
176 kHz
20 - 80 mL/min
0.5 m (Minuteman)
0.35 nm / 150 um 
Hamamatsu / 1050 V 
Keithley Model 485 
IBM PS/2 Model 30 E-21 with 
Axxiom Data System 
The Recorder Co. Model 4500 
Microscribe
Helium (Air Products) 
Supelco
System
Variac (Staco Energy Products) 
Phillips 250 W lamp 
A. W. Haydon 
Keithley Model 179
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Figure 4. Electrothermal vaporization - helium discharge 
detector system.
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ceramic tube through a clock/switch (A. W. Haydon) which 
controlled the duration of time a variac (Staco Energy 
Products) provided current to the filament. The power setting 
on the variac was adjusted manually. Windings of nichrome 
wire on a glass rod provided variable resistance to this 
circuit and increased the range of usable power settings 
supplied from the variac to the filament. In early 
experiments, a multimeter (Keithley) was used to monitor 
voltage across the filament leads to ascertain the 
reproducibility of supplied voltage.
Emissions from the secondary discharge were isolated via 
the 0.5 m monochromator for wavelength selection. The 
resultant photocurrents from the photomultiplier tube (PMT) 
were amplified and recorded via a strip chart recorder. The 
signals were also routed through an IBM PS/2 with an A/D 
interface and stored through a chromatography software package 
(Axxiom).
REAGENTS AND STANDARD SOLUTIONS
All solutions were derived from serial dilutions of 
commercially available single element atomic absorption 
standards (Aldrich and Ricca Chemical). Standard stock 
solutions and respective concentrations are listed in Table 2. 
Solutions were made in 1% nitric acid (Mallinkrodt AR Select 
Grade) prepared from semiconductor grade deionized water and 
stored in polyethylene bottles.
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Table 2. Standard stock solution concentrations for elements 
studied.
ELEMENT CONCENTRATION (uq/mL) MANUFACTURER
As 1, 000 Aldrich
Cd 1,000 Ricca
Cr 1,005 Aldrich
Cu 1,000 Ricca
Mn 1,000 Ricca
Ni 1,005 Aldrich
Pb 1,010 Aldrich
Se 1,020 Aldrich
Zn 1,010 Aldrich
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GENERAL OPERATING PROCEDURES
The monochromator was tuned to the desired wavelength by 
use of an appropriate hollow cathode lamp of the analyte of 
interest. Power was supplied to the lamp through an ICP 
spectrometer (Perkin-Elmer Model 5500) with atomic absorption 
capabilities. Wavelengths were selected based on known 
analytical utility and freedom from background interferences 
in the helium discharge.
Investigations for a given element consisted of 
triplicate determinations, in most cases, of each of the 
following in the order given: dry firing, deionized water (if 
applicable), 1% nitric acid blank, and least concentrated to 
most concentrated solutions. Dry firing the filament means 
that no sample was placed on the filament but the entire 
heating program was still applied. The first three trials 
were necessary to determine if the background signal was 
affected by the filament or if any net signal from the 
reagents was observed. With each change in solution 
composition the syringe was washed with a 1 M HC1 (Mallinkrodt 
AR Select Grade) solution and rinsed with semi-conductor grade 
deionized water prior to use on a series of solutions.
A typical run consisted of four basic steps. The first 
of these steps was to deposit the sample on the filament using 
a 10 n,L syringe (Hamilton, Model 701). To insure 
reproducibility, care was exercised to consistently place the 
sample, usually a 1.0 \il> droplet, on the same part of the
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filament. An air plug was used on both sides of the sample 
plug in the syringe to decrease droplet clingage to the 
syringe tip and enhance reproducible depositions.
Following deposition, the sample was slowly desolvated. 
At a helium flow rate of 30 mL/min, drying time usually lasted 
three minutes. Re-establishment of the background signal from 
the helium discharge occurred in most cases and indicated the 
completion of desolvation. A ten second char/ash heating 
cycle followed next wherein the filament glows extremely faint 
at this power setting. Firing of the filament coupled with 
data acquisition completed the overall heating program. 
During this one second cycle the filament glows white. Data 
collected early on indicated that a cleaning step (a dry 
firing) was unnecessary after completion of the vaporization 
cycle since no analyte or matrix appeared to remain.
DATA ACQUISITION AND METHODS OF CALCULATION
Though designed for collection of data coupled to a 
chromatography system, Axxiom chromatography software was 
adapted for use with the HDD-ETV system. At the highest time 
resolution setting, Axxiom Chromatography software is capable 
of acquiring data points at one point approximately every 10 
msec. All runs were generated at the highest acquisition 
rate except for data necessary to plot total run profiles and 
background scans of the helium discharge over the UV region of 
the spectrum. The data points were stored in a batch file and
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could be retrieved for later analysis.
Using Axxiom Chromatography software it was possible to 
convert data files into data interchange format (DIF) files 
for importation into other spreadsheet software packages. 
Axxiom inserts time markers and other format characters when 
storing data in the DIF file. Due to spreadsheet size 
constraints, importation of data was limited to DIF files that 
contained roughly 2,500 data points. This translates to a run 
of approximately 10 seconds at the highest data acquisition 
rate (and hence highest resolution). Data from selected runs 
were saved as DIF files and imported into Quattro Pro 3.01 for 
plotting and statistical analysis. Axxiom is also capable of 
integrating peak areas and calculating peak heights; such data 
was recorded and entered into Quattro Pro 3.01 manually.
Absolute limits of detection for elements studied were 
computed by assuming the lowest detectable signal for given 
conditions was three times the standard deviation of the 
background. A working limit of detection is assumed to be 
eight times the standard deviation. Standard deviations and 
linear regressions were calculated using Quattro Pro 3.01. 
Appendix A outlines general calculation procedures and 
contains a sample calculation.
CHAPTER III 
RESULTS AND DISCUSSION
THEORY AND OPERATION OF THE HELIUM DISCHARGE DETECTOR
The exact nature of the chemical and physical processes 
occurring within the helium discharge have not yet been 
elucidated at this time. It has been postulated, however, 
that the excitation process begins by the establishment of a 
metastable helium population in the primary and secondary 
regions. Though only a small fraction of the electrons 
produced by the cylindrical electrode are of sufficient energy 
to in turn produce a metastable helium species by way of 
collisions, the sheer volume of electrons present is adequate 
to provide electrons of sufficient kinetic energy to generate 
a large metastable helium population in the primary region.
The metastable helium atoms can collide with neutral 
analyte atoms or molecules and transfer energy to the analyte 
species. The analyte may then disperse excess energy by loss 
of an electron with sufficient and appropriate kinetic energy 
or, in the case of a molecular species, by fragmentation. 
Given a high atom and electron density in the discharge, there 
is a high probability of recombination of an excited analyte 
species with an electron of lower kinetic energy. This
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recombination results in an analyte species in a singlet 
excited state. Such a process is referred to as Penning 
ionization and has been described elsewhere (13, 56-57). The 
relaxation of the excited analyte species gives rise to the 
emission observed in the secondary discharge region.
Emissions produced from trace impurities the helium 
discharge are shown in the background scan in Figure 5. Shown 
in Figure 6 is a scan of the same region with 0.1% hydrogen 
added as a dopant to reduce background emission. Both of 
these scans were done at a 40 mL/min helium flow rate. Most 
analyses were done in the region of 200 - 400 nm owing to the 
predominance of the more sensitive analytical wavelengths for 
the elements investigated. The use of non-traditional 
analytical wavelengths was made necessary by the high 
background in some regions of the spectrum. However, some 
standard analytical wavelengths were usable due to "valleys" 
in these spectrally rich portions of the background.
Though painstaking measures were taken to exclude 
impurities and trap contaminants, traces of other gases were 
detected in the discharge. The system was found to be free of 
leaks when tested with a leak detector capable of detecting 
flows of 10-5 mL He/sec from a pressurized system. Trace 
impurities may be present in carrier and dopant gases. 
Furthermore, the injection of aqueous samples into this 
relatively "clean" environment may introduce a large number of 
contaminants.
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Figure 5. Background scan from 200 to 400 nm with no H2 
added (40 mL/min He gas flow rate).
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Figure 6. Background scan from 200 to 400 nm with 0.1% 
H2 added (40 mL/min He gas flow rate).
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These impurities gave rise to the broad emission bands 
shown in Figures 5 and 6. When an impurity such as N2, for 
example, enters the primary discharge region it is dissociated 
by the helium metastables or electrons into excited atomic 
species. The excited atomic nitrogen atoms may then recombine 
with other excited atomic species resulting in the formation 
of electronically excited molecular species. These molecular 
species give rise to emission band heads which are 
characteristically broad.
It is believed that the hydrogen dopant serves to 
scavenge oxygen and creates a reducing environment. The bands 
which show extensive decrease upon addition of hydrogen 
include NO, OH, and NH. Depending on the wavelength, doping 
the carrier with higher than 0.1% hydrogen resulted in an 
increase in background signal due to continuum emission from 
h2.
DESIGN CONSIDERATIONS
The internal volume of the vaporization chamber (glass 
tee) was designed with small diameter components to minimize 
dead volume and expedite transport efficiency of the analyte 
vapor to the discharge region. While other researchers have 
relied on large injection ports, the use of a capillary tube 
vastly decreased the dead volume and doubled as a guide for 
the syringe needle. When deposits built up on the walls of 
the housing, visual observation of the filament was not
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possible and the ability to make "blind injections" onto the 
filament was useful*
A design in which the housing (tee) was fashioned 
entirely of quartz with a direct, tapered connection to the 
quartz discharge tube was postulated in early prototypes. It 
was believed, however, that the physical stress inherent in 
the overall design coupled with the rigidity of the mounting 
plate would make for a short lifetime for the housing. 
Consequently, the ETV system was constructed from two 
individual pieces of glassware.
It was also noted in early research that the number of 
loops in the filament played an important role in the 
functioning of the system. A number of different types of 
tungsten filaments from commercial light bulbs and even lamps 
from spectrophotometers were tried as the vaporization 
substrate. The geometry of these filaments ranged from coils 
of single stranded wire to tightly coiled wire looped into 
larger coils. The latter type proved to be the most effective 
in the development of the electrothermal vaporization system. 
Since the filament wire is essentially a coiled coil, the 
surface area provided by this substrate is substantial. Given 
the small diameter of the inner coil, aqueous samples quickly 
adhered and were virtually "drawn" in by surface tension.
Early work revealed that with only a few large coils or 
loops of the coiled wire filament the signal was greatly 
diminished or absent. One speculation for this occurrence is
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that high carrier gas flow rates (60 mL/min) may have sheared 
the sample, still in a liquid state, from the filament. 
Another explanation may be that the sample traveled down the 
inner coil of the filament to the portion within the support 
posts and was never vaporized.
MECHANISM OF DATA CAPTURE
Most of the data collected in early experiments was by 
way of strip chart recorder. Reproducibility of signal 
intensity and linearity within a series of concentrations were 
persistent problems. Incorporation of the Axxiom
Chromatography software into the overall system allowed for a 
secondary means of data capture but data within each system 
and between the two systems remained inconsistent. 
Specifications for the chart recorder indicated that the 
analog rise time, i. e. full scale deflection, was 250 msec. 
Understandably, a signal of shorter duration would not be 
detected or would be appreciably attenuated. The rise time 
for a secondary amplifier (used to allow greater flexibility 
in signal gains and signal smoothing) was also a limiting 
factor in how quickly the Axxiom system could gather data. 
Shown in Figure 7 is a run wherein data was collected through 
two channels: one through the secondary amplifier and one
bypassing the amplifier. The impediment of the amplifier 
negatively affected data capture as seen by the substantial 
decrease in peak height and signal resolution. All subsequent
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Figure 7. Influence of amplifier time constants on data
capture speed. Signal shown is for 1 ng Pb, no H2 
added, 30 ml/min He gas flow rate, 1.0 s fire, X = 
405.7 nm.
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data were recorded in the bypass mode (no secondary amplifier) 
unless otherwise noted.
Despite the efforts undertaken to enhance data capture 
speed, it is believed that the fluctuations observed in signal 
response for a set of replicated determinations are due to 
incomplete "mapping" of the analyte peak. In other words, the 
present system is incapable of collecting data fast enough. 
In using Axxiom Chromatography software to step through the 
points leading from the baseline to the apex of the peak one 
typically finds a single point (sometimes two) defining the 
rising slope. This represents a time domain on the order of 
10 - 20 msec. Some analyte peaks were broader and the
descending slope had a sufficient number of points for 
adequate definition. The variability in signal response was 
manifested in peak areas as well as the aforementioned problem 
of peak heights. Low analyte masses are heavily affected by 
this problem since peaks are especially sharp. Peak widths 
were observed to vary from 30 to 200 milliseconds.
DATA ANALYSIS
Figure 8 shows a typical run from the deposition of a 1 
HL aqueous sample, containing 10 ng of copper, onto the 
filament. The time domain shown is from injection to analyte 
vaporization as collected by Axxiom chromatography software. 
This same run as recorded by the strip chart recorder is shown 
in Figure 9. -The noise level associated with the software is
RE
LA
TIV
E 
IN
TE
N
SI
TY
44
Figure 8. Typical run profile: 10 ng Cu, no H2 added, 30
mL/min He gas flow rate, 180.0 s desolvation, 10.0
s char, 1.04 s fire, X = 324.75 nm.
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Figure 9. Same run as in Figure 8 as recorded by stripchart 
recorder.
4 -
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somewhat high compared to that of the recorder but this is 
offset by the enhanced capture speed and resolution.
There are several areas of the run cycle which are of 
interest. Initial disturbance of the discharge resulted from 
the impingement of the syringe barrel on the septum causing 
minor but detectable fluctuations in the carrier gas flow rate 
due to pressure changes. During desolvation the discharge in 
the secondary region was partially quenched resulting in a 
drop in normal baseline intensity. While the normal discharge 
occupied most of the internal volume of the quartz tube, it 
was reduced to a fine, threadlike stream during passage of the 
bulk of the solvent. Furthermore, the color of the discharge 
changed to a light orange during solvent passage and then to 
red during the final stages of desolvation, possibly due to 
emission from hydrogen. Re-establishment of the background 
intensity and color indicated complete desolvation and purging 
of the chamber.
Within approximately two seconds after the char cycle 
commenced a peak was observed followed by a minor background 
signal depression. This peak may be due to some volatile 
matrix component; the firing temperature, peak intensity, and 
time of peak appearance coupled with the spurious nature of 
the peak lead us to believe that this was not an analyte 
signal. The depression in the background could be attributed 
to the heating and thermal expansion of the gas stream by the 
filament and subsequent partial "dilution" of the helium atom
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density. Firing of the filament for atomization finalized the 
run. Typically, analyte signals appeared within a few 
milliseconds of the application of power to the filament.
Calculations based on a helium flow rate of 30 mL/min 
show that the velocity of the gas through the discharge tube 
is approximately 64 cm/sec. Furthermore, the portion of the 
discharge in which emission is observed is approximately 1.5 
cm long. At the given velocity, the helium gas, which also 
serves to transport the analyte, requires 25 milliseconds to 
travel this distance. Appendix B contains details on these 
calculations.
During firing, where the filament temperature is probably 
in excess of 2,000 °C, the carrier gas undergoes a localized 
heating and expands rapidly. This possibly accounts for the 
immediate dropoff in background intensity as seen in Figure 10 
for a typical firing profile from arsenic at an analytical 
wavelength of 189.04 nm. Figure 11 is another example of a 
typical firing profile, in this case for manganese at an 
analytical wavelength of 27 9.48 nm, but displays a more muted 
signal response following the firing (note the positive "off" 
spike). This expansion or "piston" effect leads to an even 
higher gas velocity through the discharge with the same gas 
volume on which to draw; hence, the actual concentration of 
atoms is temporarily diminished. Many researchers have 
observed this phenomenon and attempted to compensate for it by 
decreasing the carrier gas flow rate. Optimization of the
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Figure 10. Typical firing profiles 10 ng As, 0.14% H2 dopant,
30 mL/min He gas flow rate, 180.0 s desolvation,
10.0 s char, 1.0 s fire, X = 189.04 nm.
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Figure 11. Typical firing profile: 1,000 ng Mn, no EU added,
30 mL/min He gas flow rate, 180.0 s desolvation,
10.0 s char, 1.0 s fire, X = 279.48 nm.
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flow rate is essentially an empirical way of taking into 
account this accelerated flow rate.
The nature of the spike following the analyte signal is 
not completely understood. When deposits covered a large 
portion of the glass tee, switching off the power to the 
filament resulted in a momentary extinguishment or quenching 
of the discharge, appearing as if the discharge was pulled 
from the secondary region back down into the primary region. 
It is believed that the deposits, as well as sputtered 
tungsten atoms, may provide a conductive path for the 
discharge. The aberrant signal may possibly be the result of 
an electromagnetic mechanism wherein the discharge momentarily 
backstreams to the filament which can serve as a ground.
With a clean housing, a thermal piston effect may 
predominate. Once power is turned off to the filament, 
heating of the gas ceases and there may be a partial 
contraction of the gas back into the discharge. Consequently, 
a temporary, more "concentrated" atom density may occur 
resulting in a more intense background; hence, the "positive" 
off spike. This signal, however, serves as a convenient trace 
marker for the end of the firing step. At low flows the 
contraction may be severe enough to completely "remove" the 
discharge from the secondary region, thus resulting in a 
negative off spike.
Blackbody radiation can be seen following the analyte 
signal for arsenic at an analytical wavelength of 189.04 nm in
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Figure 10. Not all wavelengths exhibited such a rapid rise in 
background during firing if at all. The temperature of the 
firing and analytical wavelength being utilized greatly 
influenced the amount of blackbody signal observed immediately 
following the analyte signal. The amount of blackbody 
radiation could, therefore, become more dominant than the 
background at masking analyte signals depending on the 
wavelength chosen for analysis.
At particularly high concentrations of some analytes, the 
signal peaks occasionally would invert or collapse as shown in 
Figure 12 for two firings of 100 ng of lead at an analytical 
wavelength of 405.78 nm. The lead peak in the top figure is 
broad and intense and typical of an analyte peak profile. The 
initial peak in the bottom figure has all the indications of 
being the analyte peak but quickly collapses to the baseline 
and then rises again. Self absorption at higher atom 
densities may be responsible for this occurrence as well as 
the deviation of the signal from linearity. Self absorption 
ceases and emission predominates as the analyte atom density 
drops below a threshold value, the level of which was element 
dependent. The atom density may also exceed the population of 
the species in the discharge responsible for excitation, 
resulting in a quenching effect similar to that observed in 
the desolvation process but in a shorter domain.
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Figure 12. Peak collapse from a 100 ng lead signal. Run 
conditions: no H2 added, 30 mL/min He gas flow 
rate, 180 s desolvation, 10.0 s char, 1.0 s fire, 
X = 405.78 nm. Top: normal signal; bottom: 
collapsed signal.
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ELEMENTAL ANALYSIS
Zinc. The first element studied with the ETV-HDD system 
was zinc. It was believed that the low atomization 
temperature required for zinc (1,800 °C) would lend itself to 
facile vaporization and detection in the yet untested system. 
Table 3 lists atomization temperatures of the elements 
studied. Zinc proved to be an excellent choice since it was. 
readily detected in the earliest ETV-HDD system devised in 
this laboratory. Furthermore, the first wavelength chosen for 
analysis, 481.05 nm, was in a region of low helium discharge 
background. After instrument and procedural refinements were 
made 213.85 nm proved to be a more sensitive and useful 
wavelength for analyses.
Calibration data to check the linear response of the 
system for zinc are shown in Figure 13 at an analytical 
wavelength 213.85 nm. As previously mentioned, the wide 
fluctuations in signal response are believed to be due in part 
to the limits of the signal processing system and software. 
Nevertheless, the signal response appears to be linear to the 
concentration over two orders of magnitude in the range 
attempted for zinc. The limit of detection (LOD) observed for 
zinc based on this data is -30 pg and is one of the best for 
the elements studied with this system.
Manganese. A solution of 100 ng/^iL was used to ascertain 
whether a wavelength of 27 9.4 nm would be suitable for 
analysis of manganese with the idea being that a high
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Table 3. Atomization temperatures of elements studied.
ATOMIZATION
ELEMENT TEMPERATURE (°CM
As 2,300
Cd 1,600
Cr 2,500
Cu 2,300
Mn 2,200
Ni 2,500
Pb 1,800
Se 2,100
Zn 1,800
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Figure 13. Calibration data for zinc at 213.85 nm.
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concentration could be readily detected. Shown at the top of 
Figure 14 is a typical firing trace from 100 ng of manganese 
subjected to a three minute desolvation, 10.0 s char, and 1.01 
s firing. The trace exhibited relatively normal behavior 
except that no analyte signal was detectable.
A subsequent run, shown in the middle of Figure 14 for 
the 1,000 ng/jxL stock solution under the same conditions 
exhibited a clearly definable analyte peak. If the absolute 
limit of detection (LOD) was in fact -1,000 ng and assuming 
some degree of linearity, the signal for a 100 ng peak would 
be approximately one tenth the size of the 1,000 ng peak and 
would very likely be indistinguishable from the background. 
To determine whether the 1,000 ng signal was legitimate, a 
solution of 500 ng/^L was prepared and duplicate runs, under 
conditions identical to those of the 1,000 ng and 100 ng 
samples, were made. One such run of 500 ng Mn is shown at the 
bottom of Figure 14. The formation of an analyte peak cannot 
be readily seen in the downward slope of the firing. This 
leads one to believe that the signal for 1,000 ng may be 
suspect. Since a 1,000 ng LOD is not of practical analytical 
value, upward definition of signals was not pursued. The 
reasons for the peculiar behavior of this element are unknown 
at this time. Further analysis of this element is warranted 
before any conclusions may be drawn.
Chromium. A 1,005 ng/^L stock solution of Cr (III) was 
used to investigate the feasibility of a number of different
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Figure 14, Manganese run profile: no hydrogen added; 30
mL/min He gas flow rate; 180.0 s desolvation; 10.0 
s char; 1.01 s fire; X = 279.48 nm. Top: 100 ng 
Mn; middle: 1,000 ng Mn; bottom: 500 ng Mn.
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wavelengths for analysis. In all cases, the conditions for 
analysis were the same: 30 mL/min He flow rate, -0.1% H2
dopant, 3 min desolvation, 10.0 s char, and 1.0 s firing. 
Figure 15 shows the signal responses at wavelengths of 357.86 
nm, 425.43 nm and 359.34 nm, from top to bottom respectively. 
The spike observed is a result of the phenomena occurring at 
the end of the firing. Though it is believed that the 
filament is capable of achieving a sufficient temperature for 
the atomization of chromium (2,500 °C), the lack of any signal 
at three of the most prominent analytical wavelengths is 
inexplicable. Copper requires an atomization temperature on 
the order of 2,300 °C and was readily detected. Measurement 
of the filament temperature would help to ascertain a possible 
cause for the observed results.
An interesting observation from these profiles, which 
illustrates the effects of background emission, is whether the 
"spike" at the completion of firing is positive or negative. 
In this case, a negative "off" spike was observed at 359.3 nm 
while the other two spikes were positive deflections. The net 
background signal at this wavelength was also two to three 
times higher than the other two wavelengths. Thus, the 
emission is temporarily and appreciably attenuated when the 
filament is turned off relative to the other wavelengths where 
there is an enhancement in the background signal.
Arsenic. Data collected from analyses of arsenic are 
plotted in the calibration curve shown in Figure 16. The
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Figure 15. Chromium run profile. Conditions: 1,005 ng Cr, 
3.0 min desolvation, 10.0 s char, 1.0 s fire,
30 mL/min He flow rate, —0.1% H2 doping. Top: 
357.86 nm; middle: 425.43 nm; bottom: 359.34 nm.
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Figure 16. Calibration data for arsenic at 189.04 nm.
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wavelength chosen for analysis, 189.04 nm, was particularly 
susceptible to the influence of blackbody radiation. The 
calculated absolute LOD was -30 pg. The working LOD was 
calculated to be —80 pg.
Selenium. Calibration data for selenium are shown in 
Figure 17. With an atomization temperature of 2,100 °C, 
better results for selenium were expected. Exploration of 
other analytical wavelengths for this element may lead to a 
lower detection limit. The absolute LOD calculated was -350 
pg and the working LOD was -900 pg.
Copper. Excellent results were obtained early on with 
copper but experimental investigation of the lower limit of 
detection using sub-nanogram solutions did not bear out 
expected results. A calibration curve at an analytical 
wavelength of 324.75 nm is shown in Figure 18. Lack of 
linearity in the lower concentration solutions (0.003 - 0.3 
^g/mL) may be more reflective of contamination problems than 
instrument limitations. The relatively constant signal 
obtained in this range could be the result of copper 
contamination within the solutions. The limit of detection 
obtained, -70 pg, is one of the best for this system.
Cadmium. This element, much like zinc, proved to be a 
very easily vaporized metal and provided a good reference 
signal for test runs of the system. The low atomization 
temperature also contributed to easily detectable signals. 
Calibration results at an analytical wavelength of 228.80 nm
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Figure 17. Calibration data for selenium at 196.09 nm.
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Figure 18. Calibration data for copper at 324.75 nm.
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are depicted in Figure 19. The limit of detection attained 
was -110 pg. Cadmium, as previously mentioned, exhibits 
deviations from linearity at high concentrations probably in 
part to self absorption processes.
Nickel. Data indicate that at 232.00 nm, a quite 
sensitive analytical wavelength for emission spectroscopy, the 
analyte was not being vaporized. Nickel, with a high 
atomization temperature (2,500 °C), behaved like chromium in 
that no signal was observed. Copper has nearly as high an 
atomization temperature (2,300 °C) as nickel and was quite 
easily detected. Similarly, arsenic has an atomization 
temperature of 2,300 °C and was detected in a region of the 
spectrum with high background. Further investigations with 
nickel are merited.
Lead. The study of lead using this system paralleled 
those of cadmium and zinc in that analyte peaks were readily 
detected and relatively consistent. The limit of detection 
for lead was expected to be quite low given the volatile 
nature of the element. Calibration data are plotted in Figure 
20. The absolute LOD calculated is -120 pg. Shown in Figure 
21 are signal responses for a 1% nitric acid blank as well as 
analyte signals for 1.0 ng/^iL, 10 ng/^L, and 100 ng/piL of 
lead, respectively at an analytical wavelength of 405.78 nm. 
Figure 22 shows a . typical trace from 0.1 ng of lead at 40 
mL/min He flow rate, no hydrogen added, 120 s desolvation,
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Figure 19. Calibration data for cadmium at 228.80 nm.
1.0E+07q
1.0E+06:
1.0E+05:
1.0E+03
100
CONCENTRATION (ug/mq
PE
AK
 
HE
IG
H
T
66
Figure 20. Calibration data for lead at 405.78 nm.
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Figure 21. Series of lead signals including the 1% HN03
blank. Run conditions: no added, 30 mL/min 
He flow rate, 180 s desolvation, 10.0 s char, 
1.0 s fire, X = 405.78.
0000-/
oooa-'
/
80000-//
60000-
/
AOOOO-S
j m m .
ZZZZ2ZZZZ2ZZZZ2ZZZ
0000-
V/////MX,
m m
1,000 ng
10 ng 
1% HN03
0.3 0.4 0.5
TIME (sec)
RE
LA
TIV
E 
IN
TE
NS
IT
Y
68
Figure 22. Typical trace for 0.1 ng lead. Run conditions: 
no H2 added, 40 mL/min flow rate, 120 s 
desolvation, 10.0 s char, 1.0 s fire, X = 405.78 
nm.
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10.0 s char, and 1.0 s fire at an analytical wavelength of 
405.78 nm.
ANALYTICAL OVERVIEW
A summary of the limits of detection for the elements 
studied thus far are given in Table 4. Absolute limits of 
detection for arsenic, copper and zinc are very good and 
comparable to other types of emission systems utilizing ETV 
for sample introduction. The linear ranges of the signals 
were usually over two to three orders of magnitude. The major 
problem at this time is reproducibility in the signal response 
from repeated measurements. Recommendations for continued 
improvements and studies to enhance analytical figures of 
merit are given in the conclusion.
EFFECTS OF CARRIER FLOW RATE AND HYDROGEN DOPING ON SIGNAL
In order to increase the residence time of the analyte in 
the discharge the flow rate of the helium was usually set at 
30 mL/min. The lower limit of flow needed to sustain the 
helium discharge is approximately 20 mL/min in the present 
system. The evaporative nature of the helium aids in 
desolvation and hence affects the drying time. Furthermore, 
at extremely low flow rates the discharge can be completely 
quenched by the transient passage of solvent during the drying 
process. The carrier gas also serves to continuously purge 
the chamber of the solvent vapor during desolvation.
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Table 4. Limits of detection of elements studied. See 
Appendix A for methods of calculation. (N/O 
indicates not observed.)
ABSOLUTE LIMIT WORKING LIMIT
ELEMENT OF DETECTION (pq) OF DETECTION (pq)
As 28 79
Cd 108 288
Cr N/O N/O
Cu 67 179
Mn N/O N/O
Ni N/O N/O
Pb 115 306
Se 342 911
Zn 24 63
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A cursory study was made on the effects of carrier gas 
flow rate and hydrogen doping. In proceeding with this 
experiment, the carrier gas flow rate was set and the amount 
of hydrogen doped into the carrier gas was varied from 0 to 80 
by increments of 20 on the flow meter with two runs made at 
each respective combination of gas flow settings. The carrier 
gas flow rate was then changed by a factor of 10 mL/min and 
the hydrogen doping procedure was repeated. Five different 
carrier gas flow rates were used. This arrangement allowed 
for ten readings to be taken at each carrier gas setting with 
50 readings made overall. A 10 ng/^L copper sample was used 
for all the firings.
The flow meter reading was a quick and consistent means 
of doping the carrier with hydrogen in and amongst the 
different carrier gas flows. The flow of the dopant was 
measured individually for each setting on the flow meter and 
for each carrier gas flow setting. However, the percent 
hydrogen doped into the carrier gas changed differently from 
the flow meter setting.
Figure 23. represents the effect of carrier gas flow 
rate, with no hydrogen added, on the signal intensity. Though 
the significance of two points per flow reading is subject to 
some caution in making inferences, one might conclude that 
either there is no trend or that lower flows favor better 
signal response. Lower flows may reduce the "piston" effect 
from gas expansion at the time of firing and subsequently
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increase the residence time and atom density within the 
discharge. Disadvantages which could be realized from an 
increased residence time include the possibility of greater 
deposition of the atoms on the ETV surfaces and reduced 
populations for the species responsible for excitation. The 
poorer signal reproducibility at the lowest flow rate is more 
likely due to variations in deposition of the signal on the 
ETV surfaces.
Figures 24, 25, and 26 show the effects of varying the 
amount of hydrogen in the carrier gas stream at carrier gas 
flow rates of 20, 30, 40 , 50 and 60 mL/min respectively.
Generally, the signals improved with the addition of hydrogen 
although no conclusions may be drawn as to the optimum amount 
or trends in doping percentages. Further detailed exploration 
of hydrogen doping may elucidate a clearer trend.
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Figure 23. Effect of carrier gas flow rate on signal. Run
conditions: 10 ng Cu, no H2 added, 180 s
desolvation, 10.0 s char, 1.0s fire, X = 324.7
nm.
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Figure 24. Effect of hydrogen dopant flow rate on signal.
Run conditions: 10 ng Cu, 180 s desolvation, 10.0 
s char, 1.0 s fire, X = 324.75 nm. Top: 20 mL/min 
He flow rate; bottom: 30 mL/min He flow rate.
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Figure 25. Effect of hydrogen dopant flow rate on signal.
Run conditions: 10 ng Cu, 180 s desolvation, 10.0 
s char, 1.0 s fire, X = 324.75 nm. Top: 40 mL/min 
He flow rate; bottom: 50 mL/min He flow rate.
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Figure 26. Effect of hydrogen dopant flow rate on signal.
Run conditions: 10 ng Cu, 60 mL/min He carrier 
flow rate, 180 s desolvation, 10.0 s char, 1.0 s 
fire, X = 324.75 nm.
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CHAPTER IV 
CONCLUSIONS AND NEW DIRECTIONS
The ETV system constructed in this laboratory has proven 
to be an inexpensive and rugged system for introduction of 
aqueous solutions to the HDD. While the performance of the 
HDD for this system was adequate for some elements, further 
research should be done to explain the lack of performance in 
such elements as chromium, manganese and nickel. The limits 
of detection obtained for zinc, cadmium, copper, selenium, 
arsenic, and lead are on the order of some current AES 
instrumentation. However, they also indicate that further 
refinement and development of an ETV-HDD instrument is 
merited.
SUGGESTIONS FOR FURTHER RESEARCH
A thorough optimization of the ETV-HDD system should be 
undertaken to ascertain the best conditions for operation. 
Such a study might include optimization of the length of the 
discharge tube, the distance of the discharge tube from the 
filament, slit widths, analytical wavelengths, helium flow, 
and customization of the heating programs for elements. Of 
special importance is the last of theses heating programs. 
Measurement of the filament temperature would allow the
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researcher to better select an appropriate firing temperature 
and duration so as to minimize blackbody radiation, reduce 
background noise and curtail oxide formation. Careful control 
of the heating program coupled to consistent temperature 
settings may also lead to better reproducibility amongst 
samples.
To further explore the versatility of this instrument,, 
samples containing more complex matrices should also be 
analyzed. On this same theme, matrix modifiers, such as Na+ 
and K+, may prove useful in pushing detection limits further 
down by acting as additional energy carriers or electron 
donators. Multi-element solutions should also be assayed and 
a broader range of elements should be explored. 
Quantification of molecular species could be investigated as 
well.
Design changes in the ETV system could focus on 
introduction of the carrier gas in line or coaxially with the 
filament supports relative to the current perpendicular entry. 
Tapering the headspace above the filament to reduce the dead 
volume and more efficiently direct transport of the vapor and 
gas to the discharge tube should be considered. Different 
metal filaments and designs should also be considered.
Any means of increasing the residence time of the vapor 
in the discharge should result in improved sensitivity. 
Increasing the volume of the ETV chamber, on the other hand, 
may in fact dilute the overall concentration of vapor but may
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prolong the residence time and may possibly reduce deposits on 
the inner walls of the chamber.
Enhanced software or electronic upgrades to improve data 
capture speed would also be a boon to lower detection limits 
and better data resolution and signal reproducibility.
APPENDIX A
LIMIT OF DETECTION CALCULATIONS
Standard deviations were calculated using the built-in 
statistical function on Quattro Pro 3.01. Typically, 200 
points of background prior to firing were used to find the 
standard deviation, a, of the background signal. The 
calculated absolute limit of detection (ALOD) is defined as 3a 
and the working limit of detection (WLOD) is defined as 8a. 
Peak height and peak area data were plotted for various 
elements and the data were regressed using the mathematical 
functions of Quattro. Using the equation of the best fit line 
through the data for peak height, a value for the lowest 
concentration studied was then calculated. To arrive at the 
ALOD or WLOD, the following proportionality was used:
(3o^ = calculated signal
X ng/|j,L 1 ng/ixL
For example, in selenium a = 273.3 and 3a = 820. Since 
1.02 ng/^L was the lowest concentration actually used for this 
element, the calculated peak height or "best value" for this 
concentration using the regression equation is 2448.
f 820 = 2448
X ng/^L 1.02 ng/piL
Solving for X, X = 0.342 ng/|iL or 342 pg/jiL.
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APPENDIX B
CALCULATIONS FOR GAS FLOW VELOCITY
Given: inner radius of discharge tube, r = 0.05 cm
gas flow rate, Q = 30 cm3/min.
Cross sectional area of tube is found through:
A = nr2 = 0.00785 cm2
Since Q = V x A,
where V = velocity and A = cross sectional area,
then V = Q/A = 3 0 cm3/min
0.00785 cm2
= 3,819 cm/min « 64 cm/sec. 
to travel 1.5 cm, the gas requires « 0.025 s = 25 msec.
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